The frequency and predictability of different selective environments are important parameters in models for the evolution of plasticity but have rarely been measured empirically in natural populations. We used an experimental phytometer approach to examine the frequency, predictability, and environmental determinants of heterogeneous selection on phytochrome-mediated shade-avoidance responses in a natural population of the annual plant Impatiens capensis. The strength and direction of selection on shade-avoidance traits varied substantially on a fine spatial scale. The shade-avoidance phenotype had high relative fecundity in some microsites but was disadvantageous in other microsites. Local seedling density proved to be a surprisingly poor predictor of microenvironmental variation in the strength and direction of selection on stem elongation in this study population. At least some of this unpredictability resulted from microenvironmental variation in water availability; the shade-avoidance phenotype was more costly in dry microsites. Thus, environmental heterogeneity in resource availability can affect the relative costs and benefits of expressing shade-avoidance traits independent
The evolution of phenotypic plasticity, the ability of a genotype to express different phenotypes in response to environmental variation, is a subject of intense theoretical interest (e.g., Bradshaw 1965; Via and Lande 1985; Schlichting 1989; van Tienderen 1991; Gomulkiewicz and Kirkpatrick 1992; Scheiner 1993 Scheiner , 1998 de Jong 1995 de Jong , 1999 Tufto 2000; Sultan and Spencer 2002) . For plasticity to evolve, organisms must experience heterogeneous environments, selection on a plastic trait must differ among those environments, and genetic variation must exist within populations for reaction norms of that trait (Via and Lande 1985; Gomulkiewicz and Kirkpatrick 1992) . Theory predicts that the evolution of plasticity in heterogeneous environments will depend on the frequency of environments selecting for different phenotypes, the relative strength of selection in each environment, the reliability of the inductive environmental cue, the cost of maintaining the capacity for plasticity, and the genetic variances and covariances within and across environments (e.g., Via and Lande 1985; van Tienderen 1991; Gomulkiewicz and Kirkpatrick 1992; Kawecki and Stearns 1993; de Jong 1999; Tufto 2000) . Recent empirical studies have quantified most of these parameters. There is now substantial evidence for environment-dependent selection on plastic traits (e.g., Kingsolver 1995a Kingsolver , 1995b Kingsolver , 1996 Dudley and Schmitt 1996; Dorn et al. 2000) and little evidence that maintenance costs will constrain the evolution of adaptive plasticity (DeWitt 1998; DeWitt et al. 1998; Scheiner and Berrigan 1998; Donohue et al. 2000a; Dorn et al. 2000) . Quantitative genetic variation in reaction norms and the genetic architecture of plasticity have also been studied in a variety of systems (e.g., Pigliucci et al. 1995; Sultan 1995; Fry et. al 1996; Donohue and Schmitt 1999; Donohue et al. 2000b Donohue et al. , 2001 Kliebenstein et al. 2002; Olsson and Uller 2002) . However, few studies have attempted to quantify other important parameters: the frequency and predictability of different selective environments acting on plastic traits within natural populations (Weis and Gorman 1990; Kingsolver et al. 2001; Arnold and Peterson 2002) . The frequency and pattern of selection on plastic traits is especially important for sessile organisms like plants, which experience environmental heterogeneity in natural selection on a fine spatial scale (Kalisz 1986; Stewart and Schoen 1987; Stratton 1995; Stratton and Bennington 1996) . Here we examine the microenvironmental pattern, frequency, and predictability of natural selection on phytochrome-mediated shade-avoidance responses in a natural plant population.
Environmental variation selects on plasticity by altering the relative benefits and costs of expressing an induced phenotype. Induction of trait expression by an environmental cue associated with a selective agent is often assumed to enhance fitness. However, expression of a plastic trait may be associated with performance reductions due to correlated effects of plastic responses on other traits (DeWitt 1998; DeWitt et al. 1998) . For example, induction of spines in response to cues of predator proximity will only be advantageous if the fitness benefit of reduced predation risk exceeds potential fitness costs of spine production, such as reduced growth rate. The costs of expressing an induced phenotype may outweigh the benefits if that phenotype exacts a high physiological cost in lowresource environments. If so, plasticity will not confer a selective advantage under low-resource conditions. In this case, environmental heterogeneity in resource availability may reduce the reliability of the inductive environmental cue for predicting the relative fitness of the induced phenotype. It is therefore important to ask whether the fitness of an induced phenotype depends on environmental variation, not only in selection by the inductive agent but also in the availability of resources that could affect the cost of expression. Moreover, it is important to assess the reliability of the inductive cue for predicting the selective environment experienced by an organism under natural conditions.
The photomorphogenic induction of shade-avoidance responses in crowded plants is a well-studied example of adaptive plasticity (e.g., Morgan and Smith 1979; Ballaré et al. 1987 Ballaré et al. , 1990 Casal and Smith 1989; Schmitt and Wulff 1993; Dudley and Schmitt 1996; Schmitt et al. 2003) . Shade avoidance involves a whole suite of developmental responses, notably stem elongation and reduced branching (Smith 1982; Schmitt and Wulff 1993) . These morpho-logical changes are mediated by the phytochrome family of photoreceptors, which detect the low ratio of red : far red radiation (R : FR) reflected or transmitted from neighboring plants in dense stands (Ballaré et al. 1987 (Ballaré et al. , 1990 Smith 1995) . Early detection of neighbors may allow plants to develop the morphology appropriate for the competitive environment they will experience (Ballaré et al. 1987 (Ballaré et al. , 1990 Novoplansky et al. 1990; Aphalo and Ballaré 1995) . The ratio of red : far red radiation is an accurate cue of neighbor proximity (Smith et al. 1990) , and stem elongation in response to variation in R : FR and density is a continuous, graded response (Smith 1982; Smith and Whitelam 1997; Ballaré et al. 1990; Gilbert et al. 2001; Schmitt et al. 2003) . The main benefit of phytochrome-mediated stem elongation in response to crowding is that leaves can be positioned in higher regions of the canopy, thereby enhancing light interception and increasing fitness under high densities Dudley and Schmitt 1996; Huber and Wiggermann 1997; Huber et al. 1998; Weinig 2000) . However, expression of the shade-avoidance phenotype may be costly at low density (Schmitt and Wulff 1993; Casal et al. 1994) . For example, exposure to low R : FR results in decreased allocation to roots, which may constrain water uptake capacity and make plants more susceptible to drought (Maliakal et al. 1999) . The shadeavoidance response also produces thinner, mechanically weaker stems, which may have a higher risk of lodging or breaking (Schmitt and Wulff 1993; Casal et al. 1994; Niklas 1995; Cipollini and Schultz 1999) . Plastic shade avoidance is known to be adaptive in the annual species Impatiens capensis under natural conditions; plants expressing the shade-avoidance phenotype have higher fitness in dense stands, but lower fitness at low density, than plants in which shade-avoidance responses are not induced (Dudley and Schmitt 1996) . The fitness disadvantage of shade avoidance at low density cannot be attributed to direct selection on height, and the underlying mechanism for this cost remains to be determined (Dudley and Schmitt 1996) .
These results suggest that the benefit of expressing shade-avoidance traits will vary with plant density, which induces those traits via the R : FR cue, in natural populations. However, the costs and benefits of shade avoidance may also vary with other environmental factors, which may not be highly correlated with density. Specifically, drought stress may increase the cost of reduced allocation to root tissue in plants expressing shade-avoidance phenotypes (Maliakal et al. 1999) . As a consequence, elongated plants should have a relatively higher fitness in moist microsites, whereas nonelongated plants should have relatively higher fitness in dry microsites. We can also predict that high degrees of tree canopy openness may increase the fitness benefit to shade-avoidance phenotypes because the carbon acquisition gain from overtopping neighbors may be higher under high light conditions than under deep canopy shade. If so, the advantage of plastic shade avoidance may be greater in high-resource environments. However, little is known about the frequency or predictability of environments selecting on shade-avoidance traits in natural plant populations, or how their frequency distribution depends on variation in resource availability.
Here we report on the frequency, predictability, and environmental determinants of selection on shade-avoidance traits in a natural population of the annual plant I. capensis. This system is especially appropriate because density-dependent selection on shade-avoidance traits has been demonstrated, as predicted if plasticity is adaptive (Dudley and Schmitt 1996) , and because substantial genetic variation in shade-avoidance traits exists within and between natural populations (Dudley and Schmitt 1995; Donohue and Schmitt 1999; Donohue et al. 2000b Donohue et al. , 2001 . To measure environmental variation in selection on shadeinduced stem elongation, we experimentally extended the range of phenotypic expression (e.g., Dudley and Schmitt 1996; Cipollini and Schultz 1999; Schmitt et al. 1999 ) by manipulating the R : FR cue to produce two sets of seedlings in which the expression of shade-induced stem elongation was induced or not induced. We planted these seedlings into randomly chosen microsites in the natural source population and measured their relative fitness as well as environmental parameters for each microsite. This design allowed us to address the following questions: Are different phenotypes favored in different microsites within a natural population? What is the frequency distribution of selective environments for plastic shade-avoidance traits under natural conditions? Is the inductive cue, local seedling density, a reliable predictor of selection on shade-avoidance traits within a microsite? Does the relative fitness of plants with initially induced elongation depend on microenvironmental variation in water or light resource availability, as predicted by functional hypotheses?
Material and Methods

Study Species
Impatiens capensis Meerb. (Balsaminaceae) is an annual, self-compatible herb of North American deciduous forests and wetlands (Gleason and Cronquist 1963; Leck 1979 Leck , 1996 . Impatiens capensis has a mixed mating system, commonly producing self-fertilizing cleistogamous flowers as well as outcrossing chasmogamous flowers (Waller 1979) . Seeds usually disperse !1.5 m from parent plants (Schmitt et al. 1985) , and substantial microgeographic genetic differentiation exists in morphological and life-history traits (Argyres and Schmitt 1991; Schmitt 1993) and plastic shade-avoidance responses (Dudley and Schmitt 1995; Donohue and Schmitt 1999; Donohue et al. 2000a Donohue et al. , 2000b Donohue et al. , 2001 both within and among natural populations. In summer 1996, seedlings were collected from a -40 # 40 m permanent grid (Schmitt and Gamble 1990; Argyres and Schmitt 1991) in the center of a primarily selfing population in the understory of an oak-hickory forest at Brown University's Haffenreffer reserve (Bristol, Rhode Island), the site of a previous experiment demonstrating density-dependent selection on shade-avoidance traits (Dudley and Schmitt 1996) . This population exhibits significant genetic variation in morphological and life-history traits and in plasticity to light availability, canopy shade, and crowding (Argyres and Schmitt 1991; Schmitt 1993; Donohue et al. 2000b Donohue et al. , 2001 . The seedlings were grown in the greenhouse to start a collection of inbred lines. These lines were maintained in the greenhouse by single-seed descent for six generations.
R : FR Pretreatments
From December 1999 to January 2000, seventh generation selfed seeds were collected from four parent plants from each of eight lines. As inbreeding is the norm in the source population, we do not expect significant effects of inbreeding depression on the phenotypic expression of the lines used for this experiment. These seeds were stored in microtiter trays filled with distilled water at 4ЊC. On April 11, the seeds, most of which had emerging radicles, were planted into eight plug trays filled with Metromix 350 (Scotts Sierra Horticultural Products, Marysville, Ohio). The -cm plug trays had 128 cells (in eight rows 28 # 55 and 16 columns), each yielding an average distance between seedlings of 3 cm. This distance between seedlings elicits crowding-induced elongation. One seed per line was planted in a randomized position into each row. The total number of seeds planted was 880 (eight lines, two pretreatments, 55 replicates). The trays were placed in the Brown University greenhouse under natural light conditions.
After 10 d, when almost all seedlings had emerged and produced their first true leaf pair, we imposed a R : FR manipulation. Four trays were allocated to each of two pretreatments to induce two different phenotypes. Half of the seedlings were grown under a plastic panel designed to remove far red light (Mitsui Chemical, Tokyo), thus artificially maintaining a high, 18 : 1 R : FR ratio above the canopy and suppressing density-induced elongation in the plants (e.g., Ballaré et al. 1991; Dudley and Schmitt 1996) . The panel reduced photosynthetically active radiation by 30%. The remaining trays were placed under a clear plastic panel covered with cheesecloth to match the amount of radiation intercepted by the plants between the two pre- treatments. In this treatment, the normal reduction of R : FR at high seedling density induced elongation. Plants subjected to the high and low R : FR will henceforth be referred to as nonelongated and elongated, respectively. We surrounded trays in both pretreatments with sheets of aluminum foil in order to reflect lateral radiation and reduce edge effects. The trays were rotated within pretreatments every 3-4 d. On May 1, 1 d before planting, we measured seedling height, length of the longest leaf, and number of nodes. Initial height differences such as those seen among elongated and nonelongated experimental plants are potentially important for lifetime fecundity even if plants later respond plastically to their new environment after planting (Dudley and Schmitt 1996) . In the first few weeks after emergence, the competitive hierarchy is formed, and slight early growth advantages can translate into considerable fitness differences later in the season (e.g., Schmitt et al. 1987; Schmitt and Ehrhardt 1990) .
Field Experiment
On May 2 and May 3, 2000, we planted seedlings into 50 microsites at randomly chosen positions within a -m permanent grid in the center of the source 40 # 40 population at the Haffenreffer Reserve ( fig. 1 ). The dimension of each microsite was cm. Into each 60 # 60 microsite, one elongated seedling and one nonelongated seedling of each of the eight lines were planted in a checkerboard design at 20-cm spacing to minimize 4 # 4 interaction between the experimental plants. The plants were ringed at the base with colored plastic-coated wire to facilitate identification. During planting, care was taken to keep the natural vegetation intact. Transplanted seedlings were approximately the same size and developmental stage as natural I. capensis seedlings in the site. Plants dying within the first 3 d after planting were replaced with seedlings from the same line and pretreatment whenever possible. Due to variable germination rate among lines, elongated and nonelongated pairs of each line could not be replicated in all 50 microsites. Per line pretreatment pairs could be replicated in 40-50 microsites for a total of 770 experimental plants. Assignment of lines to microsites was random, and each microsite contained pretreatment pairs from at least six lines. Throughout the experiment, we counted number of flowers, immature fruits, mature fruits, and pedicels every 10 d. Lifetime relative fecundity for each individual was calculated as the total number of fruits produced during the course of the experiment divided by the overall mean number of fruits. Overall mortality before the onset of reproduction was very low for both experimental and naturally occurring I. capensis plants. Only three experimental plants died between 1 wk after trans-planting and the onset of fruit production. Their fecundity was scored as 0. Mortality was scored twice a week until August 10 and thereafter once a week until the last plant had died. Individual longevity was calculated as the number of days from planting until the last date a plant was observed alive.
Environmental Measurements
On April 26, the number of naturally occurring seedlings of I. capensis was counted in each of the 50 microsites to estimate local density. Except for spring geophytes, I. capensis is the first species to emerge in the field. Initial seedling density was thus a good estimate for the initial competitive interaction experienced after the target seedlings were planted into the microsites, although interactions with other species may have become more important later in the growing season, after I. capensis had started to reproduce. Water availability for each microsite was measured as water vapor pressure deficit on July 24 using a soil tensiometer (2900 FI, Soil Moisture Equipment, Santa Barbara, Calif.). Water availability readings were performed in the six uppermost centimeters of the soil because I. capensis has a shallow root system (Heschel and Hausmann 2001) . These data represent water availability on a typical day after a short period without rainfall (3-5 d; M. S. Heschel, unpublished data). Tensiometer readings on this date were highly correlated with measurements throughout the season (H. Huber, unpublished data), indicating that the ranking of microsites with respect to soil moisture was consistent through time. Light availability above the herbaceous understory was quantified by means of canopy images. A hemispheric image was taken above the center of each microsite after all experimental I. capensis plants had died in the middle of September. Taking the picture in September allowed us to measure microsite light availability after canopy closure without disturbing the experimental plots during the experiment. The picture was taken with a Nikon Coolpix 950 Digital camera to which a Nikon FC-E Fisheye Converter was attached. Images were taken in late afternoon to avoid interference by direct sunlight. Light availability in the understory was quantified as the percentage of total light transmitted through the primary canopy (calculated as the sum of direct and indirect light) using Winphoto, version 5.0 (ter Steege 1996) . The contribution of direct sunlight to total transmission changes throughout the season depending on the sun angle. Therefore, we calculated light transmission for June 13, which was at the peak of the growing period for I. capensis.
Data Analysis
We performed ANCOVA to test for effects of line, pretreatment, and line by pretreatment interaction on plant height before planting. Line and pretreatment were treated as fixed effects, and germination time (the number of days elapsed after planting) was used as a covariate to control for initial variation in size and developmental stage. We considered line a fixed effect in this analysis because it was necessary to choose high-fecundity lines for adequate replication and because our objective was to partition out variance due to differences among lines when testing for pretreatment and microenvironment effects, not to estimate the genetic variation of the source population. We also used ANCOVA to test for the effects of initial phenotype, line, and microenvironmental factors on individual longevity and lifetime fecundity. This model included pretreatment and line as fixed main effects; germination time, initial seedling density, water availability, and light availability as covariates; and the interactions of phenotype and line with the three environmental parameters.
Rather than analyzing traits on plant individuals, the focus of the experiment was to analyze the strength of selection on traits. In order to do so, we calculated the ratio of performance parameters between initially elongation-induced (e) and nonelongated (n) plants for each microsite. To adjust for the effect of differences in germination time, we took the residuals of lifetime fecundity and longevity on germination time and added the population mean to each residual to calculate adjusted values. Thereafter, we estimated the mean lifetime fecundity of elongation-induced plants relative to nonelongated plants by taking the mean of over the eight R : FR log (w /w ) e n pretreatment pairs (one for each line), where w e is the adjusted lifetime fruit production of the initially elongated plant and w n is the adjusted lifetime fruit production of the nonelongated plant for each line. We used the same procedure to estimate the mean relative longevity of initially elongated plants within each microsite. The ratio w e / w n was log transformed in order to reach a symmetrical distribution of the resulting ratios around 0. This facilitated the comparison of the ratios, since a value 10 for a given microsite indicates selection favoring initial elongation plants in that microsite, whereas a value !0 indicates selection favoring the initially nonelongated phenotype. We used SAS Proc Univariate to analyze distributions of microsite means for longevity ratio, fecundity ratio, and the three environmental parameters. To test whether the distributions of fecundity ratio and longevity ratio differed from random expectation, we used an SAS macro to generate an expected random distribution of microsite mean values. We did this by drawing longevity ratio and fecundity ratio for each of the eight genotypes at random from the observed values in the 50 experimental microsites, taking the mean of the eight randomly drawn values and repeating the procedure 10,000 times. Parameter values for microsites at which some genotypes were missing in the actual data set were included in the random assignment as missing values. To assess whether the distribution of the two performance parameters differed significantly from a random distribution, we tested whether the deviation of the observed mean, variance, skewness, and kurtosis of the measured plots differed statistically significantly from the mean, variance, skewness, and kurtosis obtained by the random distribution. If selection varied across microsites due to microenvironmental variation, we would expect the observed variance in fecundity ratio and longevity ratio to exceed the random expectation. The t values were obtained by subtracting the distribution parameters characterizing the measured plots from the distribution parameters after randomization and dividing by the standard error of the randomized plots (Sokal and Rohlf 1995, box 7.1., 7.5.) . Pearson correlation coefficients were calculated among the two performance measures and the three environmental parameters.
To test for direct and indirect effects of the environmental parameters on the relative fitness of elongated plants, we performed a path analysis using the program package AMOS (Arbuckle and Wothke 1999) . In the path analysis, we calculated for the 50 microsites the direct effects of the two abiotic environmental factors (water, light) on the biotic environmental factor (seedling density) and tested for direct and indirect effects of these three factors on longevity ratio and fecundity ratio ( fig. 6 ). We also included a direct path from longevity ratio to fecundity ratio to assess whether environmental factors influence the fecundity ratio through their effects on longevity ratio. Seedling density was square root transformed to improve normality for this analysis. 
Results
Effects of Pretreatment, Genotype, and Environmental Factors
At the onset of the experiment, plants with induced elongation were significantly taller than nonelongated plants ( fig. 2 ; , , ). Germination time F p 2,828 df p 1 P ! .001 had a significant effect on initial length ( ). Ad-P ! .001 justed for germination date, the mean height of the elongated plants was 10.79 cm ( ), and that of the SE p 0.09 nonelongated plants was 4.67 cm ( ). Lines dif-SE p 0.09 fered significantly in their initial height ( , F p 17.1 df p , ) as well as in their response to the pretreatments 7 P ! .001 ( , , ; fig. 2) , with the initial plastic F p 7.71 df p 7 P ! .001 response to pretreatments ranging from 100% to 150% increased shoot length in the elongation induced as compared to the uninduced plants.
Across the study site, elongated plants produced slightly more fruits overall than nonelongated plants ( ; P p .036 see appendix in the online edition of the American Naturalist for ANCOVA table). Adjusted for germination date, the mean number of fruits produced by the elongated plants was 13.06 ( ), and that of the nonelon-SE p 0.41 gated plants was 12.36 ( ) However, the initial SE p 0.40 phenotype manipulation had no effect on overall longevity ( ). Germination time also significantly affected P p .724 lifetime fecundity ( ) but not longevity ( P p .006 P p ). Microsite water availability significantly affected .151 both fruit production ( ) and longevity ( ); P ! .001 P ! .001 plants in wetter microsites survived longer and produced more seeds (unstandardized partial regression coefficients for , ; , longevity p 0.998 P ! .001 fitness p 0.592 ). As predicted, we observed a significant P ! .001 interaction for both longevity pretreatment # water ( ) and fecundity ( ); elongated plants P p .042 P p .017 were more sensitive to microenvironmental water availability (see path analysis results below). Microsite light availability did not affect plant performance ( ). Mi-P 1 .5 crosite seedling density had no effect on fecundity (P p ) but a strong effect on longevity ( ). Plants .484 P ! .001 surrounded by more conspecifics actually survived longer (unstandardized partial regression coefficient for , ), suggesting positive density longevity p 0.184 P p .037 dependence, in striking contrast with the negative density dependence and self-thinning observed in denser Impatiens capensis populations (Schmitt et al. 1987 ). Significant two-way interactions indicated that lines differed in response to pretreatment (longevity:
; fecundity: P p .051 ) and to water availability ( ). In addition, P p .013 P ! .01 the response of lines to water availability was significantly modified by pretreatments (longevity:
; fecund-P p .023 ity:
). None of the other interaction terms were P p .010 significant either for longevity or for fecundity. Lines also differed significantly overall in longevity ( ) but P p .005 not in fecundity (
). There was a significant in-P p .636 teraction between initial phenotype and line for both performance parameters.
Frequency of Selection
The strength and direction of selection on alternative phenotypes varied dramatically across microsites. The distribution of relative fecundity of elongated plants across 50 microsites was roughly bell shaped ( fig. 3) , ranging from 0.325 on a log scale (i.e., 110% greater fruit production by elongation induced plants) to Ϫ0.368 (i.e., 135% greater fruit production by nonelongated plants), with a mean of 0.037. Thus, selection did not act strongly on variation in shade-avoidance traits in the most common microenvironments, and in the "average" environment the two phenotypes had roughly equal relative fitness; however, strong selection favoring each alternative phenotype occurred in different microsites within the population. The observed distribution of fecundity ratio across microsites displayed significantly higher variance and kurtosis, and was more skewed to the left, than the predicted random distribution (table 1) . Thus, selection on shade-avoidance traits was more heterogeneous across microsites than expected by chance alone, suggesting the influence of some form of microenvironmental variation.
The frequency distribution of longevity ratio across microsites was also bell shaped ( fig. 3 ), but the range, from Ϫ0.09 to 0.08 on a log scale, was much narrower than for fecundity ratio. In fact, in contrast with fecundity ratio, the observed variance, skewness, and kurtosis for longevity Ϫ10.282*** a These values indicate whether the distribution of longevity and performance lies outside the range predicted by a random distribution and were calculated according to Sokal and Rohlf (1995; chap. 7) . significant NS p not ( ) . P 1 .05 *** . P ! .001 ratio were all significantly lower than the predicted random distribution (table 1), suggesting that some external factor acted to homogenize the relative longevity of elongated and nonelongated phenotypes across microsites. We attribute this result to a sudden episode of severe phenotypeindependent mortality between July 11 and July 18. On July 18, all plants had died in approximately 50% of the microsites. In !25% of the microsites were more than half of the target plants still alive. Most plants of both phenotypes died in most microsites during this episode, resulting in more uniform longevity ratios across microsites than would be expected by chance alone.
Environmental Variation
Environmental parameters varied substantially among the 50 microsites. The density of naturally occurring seedlings of I. capensis early in spring ( fig. 4C ) varied substantially among microsites, ranging from 0 in one microsite to a maximum of 176 seedlings m Ϫ2 . The mean seedling density in 2000 was 41.6 seedlings m Ϫ2 , 50%-80% lower than in typical years (M. S. Heschel, unpublished data); seedling density was !40 seedlings m Ϫ2 in 56% of the plots and exceeded 80 seedlings m Ϫ2 in only 12% of the microsites. These low densities probably resulted from low seed production in the previous year (1999), which was unusually dry (M. S. Heschel, unpublished data).
Water availability on July 24 ( fig. 4B ) ranged between Ϫ0.011 and Ϫ0.038 MPa, with a mean around Ϫ0.026 and a mode around Ϫ0.025 MPa. Forty-two percent of the microsites were wetter and 66% of the microsites were dryer than the mean. A soil moisture availability of about Ϫ0.030 MPa constitutes drought stress for I. capensis (Heschel and Hausmann 2001) . This means that I. capensis plants in 40% of the microsites were on the verge of being drought stressed or were actually drought stressed (i.e., water vapor pressure deficit of Ϫ0.029 MPa or lower) on the day of water measurements. Whether plants in a specific plot experienced drought stress on a given date depended on the actual amount of rainfall and on the time elapsed since the last rain. However, the relative ranking of microsites with respect to soil moisture was constant through the season and consistent across years (H. Huber and M. S. Heschel, unpublished data) .
The percentage of ambient light reaching the herbaceous understory after canopy closure ranged from 19% to 53%, with a mode around 33% and a mean around 36% of full daylight ( fig. 4A ). Fifty-six percent of the plots were darker and 42% of the plots were lighter than the mean.
There was a significant correlation between seedling density and water availability ( ), with fewer seed-P p .04 lings occurring in dryer microsites (table 2; fig. 6 ). There was no significant correlation between light and water or light and initial seedling density.
Effects of Environmental Variation on Selection
Longevity ratio increased significantly with microsite seedling density, soil moisture, and light availability, as predicted (table 2; fig. 5 ). Thus, microenvironmental variation clearly influenced the relative longevity of elongated plants, despite the homogenizing effect of synchronous mortality. Initial seedling density was not significantly correlated with the relative fecundity of elongated plants (table 2; fig. 5 ). However, visual inspection of the graphs revealed two unusual microsites with low fecundity ratios relative to initial seedling density. When we reanalyzed the data excluding those two microsites, there was a marginally significant positive association between initial seedling density and fecundity ratio ( ; ), although we 2 r p 0.0774 P p .056 found no a priori biological justification for excluding those particular points. The fecundity advantage to elongated plants increased significantly with increasing soil moisture, as predicted, but was not correlated with light availability (table 2; fig. 5 ).
The path analysis revealed both direct and indirect effects of microenvironmental conditions on the relative longevity and fecundity of elongated plants ( fig. 6; table 3) . A positive direct effect of seedling density on longevity ratio indicated that the relative longevity of elongated plants in a microsite increased with initial seedling density. Longevity ratio in turn had a positive effect on fecundity ratio, resulting in a positive indirect effect of seedling density on fecundity ratio. However, this positive effect was canceled out by a negative direct effect of seedling density on fecundity ratio. Consequently, the total effect of seedling density on the relative fecundity of elongated plants was small. Thus, initial seedling density in a microsite was overall a poor predictor of the selective environment for elongated plants.
Microsite soil moisture had a weak positive effect on initial seedling density (table 3; fig. 6 ). Soil moisture also had a direct positive effect on the relative longevity of elongated plants as well as positive direct and indirect effects on their relative fecundity. Consequently, the total effect of soil moisture on fecundity ratio was positive; selection in favor of elongated plants was stronger in wetter microsites, as predicted from functional arguments. The relative longevity of elongated plants increased with microsite light availability, resulting in a positive indirect effect of light availability on fecundity ratio. However, light availability had a strong direct negative effect on the relative fecundity of elongated plants. These opposing direct and indirect effects canceled each other out, resulting in a small total effect of light availability on the relative fitness of elongated phenotypes.
Discussion
The frequency and predictability of different selective environments are important parameters in models for the evolution of plasticity (e.g., Gomulkiewicz and Kirkpatrick 1992; de Jong 1999; Tufto 2000) , but they have rarely been measured empirically in natural populations. This study provides experimental evidence for heterogeneous and unpredictable selection on density-induced shade-avoidance phenotypes within a natural population of Impatiens capensis. Local seedling density, the inductive environmental cue, was a surprisingly poor predictor of selection on shade-avoidance traits in this study population. At least some of this unpredictability may result from microenvironmental variation in resource availability. In particular, the shade-avoidance phenotype was more costly in dry microsites. Thus, environmental heterogeneity in resource availability can affect the relative costs and benefits of expressing shade-avoidance traits independent of local seedling density, the inductive environmental cue, and may thus reduce the reliability of that cue. Such microenvironmental variation may be an important determinant of the dramatic variation we observed among microsites in the strength and direction of selection on shade-avoidance phenotypes. These results have interesting implications for the evolution and maintenance of plastic shade-avoidance traits within this natural population.
The reliability of the inductive environmental cue for predicting selection on induced phenotypes may strongly influence how reaction norms will evolve (de Jong 1999; Tufto 2000; Sultan and Spencer 2002) . In our study, path analysis revealed a negligible total effect of initial seedling density on the relative fitness of elongated plants. Although the relative longevity of elongated plants increased with microsite seedling density, as predicted by the shadeavoidance hypothesis, this effect was canceled out by an unpredicted direct negative effect of initial density on fecundity ratio. This result is rather surprising because two prior density manipulation experiments in this site have revealed density-dependent selection on elongation traits (Dudley and Schmitt 1996; Donohue et al. 2000a ). We may have lacked power to detect such an association in this study given the unusually small range of natural den-sities in our study population in the year of our experiment. In addition, microenvironmental variation independent of conspecific density was also a far more important factor in this study, in which experimental plants were planted into extant vegetation in 50 microsites spanning a wide range of environmental conditions, than in the manipulative experiments, which were confined to a much smaller area where existing vegetation was removed. Under these circumstances, initial Impatiens seedling density was an inaccurate predictor of the selective environment experienced within microsites by our experimental plants, suggesting that models of reaction norm evolution when environmental cues are unreliable (de Jong 1999; Tufto 2000) may be relevant for understanding the evolution of shade-avoidance responses in our study population.
We observed significant and substantial microenvironmental variation in selection on plastic shade-avoidance traits. In some microsites, the elongated phenotype was highly advantageous, and in other microsites it was strongly selected against. However, the distribution of relative fecundity of elongated plants was roughly bell shaped (although slightly skewed), and consequently the two phenotypes had similar fecundity in a high proportion of the microsites. Probably within these intermediate microsites stabilizing selection favored an intermediate degree of elongation, although our experiment, designed to maximize the number of microsites sampled, lacked power to detect such stabilizing selection. Note that, although our manipulation created two extreme phenotypes, phytochrome-mediated stem elongation is actually a continuous function of R : FR and density (Smith 1982; Ballaré et al. 1990) , and therefore intermediate phenotypes should be common under natural conditions.
The graded nature of the shade-avoidance response, together with the observation of a relatively continuous distribution of selective environments in our experiment,
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Figure 5: Effects of light availability (first row), water vapor pressure deficit (second row), and the square root-transformed initial density of Impatiens capensis seedlings (last row) on longevity ratio (left column) and fecundity ratio (right column). For calculation of fecundity ratio and longevity ratio, see text. Note that longevity and fecundity ratio are depicted on different scales. The standardized regression coefficient obtained in a multiple regression of light availability, water availability, and seedling density on the two performance parameters were longevity * ratio p 0.299 # light density, and fecundity * * * * * availability ϩ 0.252 # water availability ϩ 0.338 # seedling ratio p Ϫ0.004 # light availability ϩ 0.340 # water density. Asterisks after regression coefficients indicate statistical significance. availability Ϫ 0.196 # seedling suggests that the evolution of shade-avoidance responses in natural plant populations is best described by models that treat reaction norms as functions of an ordered environmental variable (e.g., Gomulkiewicz and Kirkpatrick 1992; de Jong 1999; Kingsolver et al. 2001) . In such models, the strength of selection in an environment is weighted by the frequency of that environment, and consequently the frequency distribution of selective environments has an important influence on the shape of the evolved reaction norm (de Jong 1999; Kingsolver et al. 2001) . For example, when the selective environment is unpredictable from the inductive cue, a slight asymmetry in the frequency distribution of selective environments can cause selection to "pull harder" on one side of the environmental distribution and can lead to the evolution of a curved reaction norm if genetic variation exists for curvature, even ;one asterisk, P ! .1 P ! ; two asterisks, ; and three asterisks, . Variation due to .05 P ! .01 P ! .001 error is not included for simplicity.
if the optimal reaction norm is linear (de Jong 1999) . The skewed distribution and unpredictability of selective environments observed in this study suggest that this prediction may be relevant for I. capensis. Consistent with the prediction, reaction norms of stem elongation to continuous density variation are curvilinear, and the shape of those reaction norms is genetically variable (J. Stinchcombe, M. S. Heschel, and J. Schmitt, unpublished data) . Thus, the observed asymmetry in the distribution of selective environments may be evolutionarily important.
Much of the observed variation in selection on shadeavoidance traits may have resulted from microenvironmental variation in resource availability and consequently in the cost of expressing the shade-avoidance phenotype. In particular, the relative fecundity of elongated plants declined significantly with soil moisture, as predicted from functional arguments. Remarkably, we also observed a strong positive effect of soil moisture on the relative longevity of elongated plants despite the homogenizing effects of a major episode of mortality, suggesting that elongated plants may have died prematurely in dry microsites but may have been more likely to survive the mass mortality episode in wet microsites. These observations are strong evidence that drought stress may select against shadeavoidance traits such as stem elongation by increasing their cost of expression. A major cost of phytochrome-induced investment into elongated stems is reduced allocation to roots, which could exacerbate water stress (Maliakal et al. 1999) . Impatiens capensis is characterized by a shallow root system (Waller 1984; Heschel and Hausmann 2001) and is therefore likely to experience the negative effects of even moderate droughts as the uppermost soil layers dry out more quickly than deeper soil layers. In addition, elongated plants whose leaves are higher up in the canopy may experience higher evaporation loads than plants with leaves in lower regions of the canopy where the air humidity is higher, there is less wind, and direct radiation is lower. This combination of factors may explain the observed strong selection against expression of the elongated phenotype in dry microsites. The low correlation between seedling density and soil moisture within microsites indicates that initial density was a poor predictor of the availability of resources that could affect the cost of expression of the elongated phenotype, and therefore the strength and direction of selection on elongation traits.
The strength of this selective pressure, and thus the frequency of microsites in which the fitness benefits of the shade-avoidance phenotype outweigh the cost of water stress, may change with temporal variation in rainfall. Although the relative ranking of microsites with respect to soil moisture is consistent within years as well as from year to year (M. S. Heschel, unpublished data), the absolute positioning of microsites along a dry to wet axis may shift in relatively wet or dry years. As a result, a given microsite may be sufficiently wet at one time, but too dry at another time, to favor induction of shade-avoidance traits. Seedling density also varies substantially from year to year (M. S. Heschel, unpublished data). Correspondingly, the frequency of microsites favoring the alternative phenotypes may differ between years. In our experimental population, the majority of the sites become too dry to promote further growth and survival of Impatiens at some point during the growing season (M. S. Heschel, unpublished data) . The timing and the intensity of the drought may determine selection for or against a certain phenotype. Drought episodes early in the season may confer especially strong selection intensities against elongation in drier microsites (M. S. Heschel, unpublished data). Thus, temporal variation in resource availability may result in variation in the cost of expressing shade-avoidance traits, leading to temporal variation in selection on reaction norms of those traits to density.
Microenvironmental variation in light resource availability, which was not significantly correlated with either density or soil moisture, was also predicted, based on functional arguments, to increase the relative fitness of the shade-avoidance phenotype. As predicted, high levels of overhead light enhanced the relative longevity of elongated plants. One possible explanation for this result is that the advantage of overtopping neighbors may be higher in light gaps. Elongated plants in bright microsites may better buffer additional maintenance costs of longer stems than elongated plants experiencing carbohydrate limitation due to deep primary canopy shade. If so, the cost of elongation could vary with the light environment. However, an un- predicted negative direct effect of light availability on fecundity ratio indicated that elongated plants had lower relative fecundity in brighter microsites, canceling out the indirect positive effect mediated through longevity. The mechanism driving this direct negative effect is unclear. One possibility is that elongated plants were disproportionately lacking in some resource necessary for translating high light availability into fruit production. For example, the lower root-shoot ratio and maximal photosynthetic assimilation rate observed in elongated plants by Maliakal et al. (1999) could have resulted in lower availability of carbon or mineral nutrients for reproduction. Whatever the underlying mechanisms, it appears that light resource availability had little overall impact on the cost of expressing shade-avoidance traits. Although our experiment was not designed to estimate genetic variation, the observation of significant differences among lines in elongation response to the R : FR pretreatment is consistent with earlier quantitative genetic studies that have detected genetic variation in shade-avoidance responses in natural populations of I. capensis (Donohue and Schmitt 1999; Donohue et al. 2000b ) and other species (Skávló vá and Krahulec 1992; van Hinsberg 1997) . What maintains this variation in our study population, given the evidence that selection acts to reduce plasticity to density in this woodland site (Donohue et al. 2000a )? Interestingly, plasticity to density and genetic variation in density responses are not detectable under the natural conditions of our woodland study population, although lines differ significantly in trait means (Donohue et al. 2000b ), but substantial plasticity to density and genetic variation in that plasticity are revealed under greenhouse conditions or when lines from our study population are exposed to the broader range of natural densities in a nearby open site (Donohue et al. 2000b) . Perhaps the range of densities experienced in the woodland site is insufficient to elicit strong shade-avoidance responses against the background R : FR signal from the forest canopy (Morgan and Smith 1979) , and selection has not acted strongly to reduce variation in plastic response to environments rarely encountered in this population (e.g., Arnold and Peterson 2002) , since the capacity for plasticity is not intrinsically costly in this system (Donohue et al. 2000a ). However, substantial genetic variation in plasticity to density also exists in lines originating in the nearby open site, where selection favors plasticity to density (Donohue et al. 2000a ). Why has this selection not resulted in fixation of a single, optimal reaction norm, as classic quantitative genetic models predict (e.g., Via and Lande 1985; Gomulkiewicz and Kirkpatrick 1992) ?
The resolution to these questions may lie in recent theoretical models that predict that unpredictable selection in structured populations will result in local genetic differentiation of reaction norms (de Jong 1999; Tufto 2000) . Our results suggest that, at least in our study population, the cues eliciting the shade-avoidance response are imperfect predictors of selection on the resulting phenotype, probably largely due to unpredictable microenvironmental variation in water availability, which modulates the cost of expressing shade-avoidance traits. Moreover, there is good evidence for microgeographic genetic structure both within and between Impatiens populations (Schemske 1984; Knight and Waller 1987; Schoen and Latta 1989; Argyres and Schmitt 1991) , probably due to habitual inbreeding and limited seed dispersal (Schmitt et al. 1985) resulting in restricted gene flow. There is also strong evidence for spatially heterogeneous selection on shadeavoidance traits, as observed here within our study population as well as previously between closely adjacent populations in different habitats (Donohue et al. 2000a ). Moreover, temporal variation in resource availability may lead to variation in expression of these costs and thus to temporal variation in selection. Thus, the natural history of Impatiens is entirely consistent with the conditions expected to maintain microgeographic genetic variation in plasticity and prevent fixation of a single optimal reaction norm.
Similar conditions may frequently occur in natural plant populations, which often experience restricted gene flow (Knight and Waller 1987; Dube 1988; Hamrick and Godt 1989) , microenvironmental variation (Stewart and Schoen 1987; Bell et al. 1991; Lechowicz and Bell 1991) , and het-erogeneous natural selection on the scale of a few centimeters to a few meters (Kalisz 1986; Stewart and Schoen 1987; Bell et al. 1991; Lechowicz and Bell 1991; Stratton 1994 Stratton , 1995 Stratton and Bennington 1996) . However, the predictability, pattern, and frequency of selection on plastic traits have rarely been assessed (Weis and Gorman 1990; Kingsolver et al. 2001) , in part because plastic responses to environmental variation prevent expression of a broad range of phenotypes across all environments. In this study, we adopted an experimental phytometer approach, experimentally inducing extreme alternative phenotypes and exposing them to microenvironmental variation in a natural population. This enabled us to measure the frequency and predictability of selection on shade-avoidance traits. By simultaneously measuring environmental variables within the same set of microsites and on the same genetic background, we could evaluate the reliability of seedling density, the inductive cue, for predicting selection on shade avoidance, as well as the potential impact of water and light resource availability on the relative fitness of elongated plants. We detected substantial and unpredictable variation in the strength and direction of selection on a fine spatial scale within a natural population. An important determinant of this variation was unpredictable variation in soil moisture, resulting in variable costs of expressing shade-avoidance traits. Thus, unpredictable environmental variation in resource availability may alter the relative costs and benefits of expressing an induced phenotype, with important consequences for the evolutionary dynamics of adaptive plasticity.
